Cluster of differentiation antigens (CD proteins) are classically used as immune cell markers. However, their expression within the inner ear is still largely undefined. In this study, we explored the possibility that specific CD proteins might be useful for defining inner ear cell populations. mRNA expression profiling of microdissected auditory and vestibular sensory epithelia revealed 107 CD genes as expressed in the early postnatal mouse inner ear. The expression of 68 CD genes was validated with real-time RT-PCR using RNA extracted from microdissected sensory epithelia of cochleae, utricles, saccules, and cristae of newborn mice. Specifically, CD44 was identified as preferentially expressed in the auditory sensory epithelium. Immunohistochemistry revealed that within the early postnatal organ of Corti, the expression of CD44 is restricted to outer pillar cells. In order to confirm and expand this finding, we characterized the expression of CD44 in two different strains of mice with loss-and gain-of-function mutations in Fgfr3 which encodes a receptor for FGF8 that is essential for pillar cell development. We found that the expression of CD44 is abolished from the immature pillar cells in homozygous Fgfr3 knockout mice. In contrast, both the outer pillar cells and the aberrant Deiters' cells in the Fgfr3 P244R/+ mice express CD44. The deafness phenotype segregating in DFNB51 families maps to a linkage interval that includes CD44. To study the potential role of CD44 in hearing, we characterized the auditory system of CD44 knockout mice and sequenced the entire open reading frame of CD44 of affected members of DFNB51 families. Our results suggest that CD44 does not underlie the deafness phenotype of the DFNB51 families. Finally, our study reveals multiple potential new cell type-specific markers in the mouse inner ear and identifies a new marker for outer pillar cells.
INTRODUCTION
The auditory sensory epithelium consists of two types of mechanosensory hair cells and at least six types of supporting cells. The single row of inner hair cells is separated from the first row of outer hair cells by single rows of inner and outer pillar cells. These cells also form the boundaries of a unique fluid-filled structure called the tunnel of Corti, which extends along the length of the cochlear spiral (Raphael and Altschuler 2003) . In addition, each outer hair cell is separated from neighboring hair cells by Deiters' supporting cells. The cell bodies of Deiters' cells are located directly adjacent to the basement membrane, and each cell extends a process that interdigitates between the lumenally positioned outer hair cells. Similarly, inner hair cells are surrounded by interdigitations from inner phalangeal cells. Finally, Claudius cells are located on the lateral edge of the last row of outer hair cells and Deiters' cells. All of these cell types are either known or assumed to be essential for hearing (Dror and Avraham 2009) .
The molecular factors that regulate hair cell differentiation have been the focus of many studies, and thus far, multiple hair cell-specific markers have been identified. In contrast, although supporting cells have been shown to function in ion recycling, patterning of the organ of Corti, and formation of a cytoskeletal framework for hair cells (Doetzlhofer et al. 2009; Forge and Wright 2002; McKenzie et al. 2004) , the specific roles of the individual supporting cells are less well understood. In addition, relatively few supporting cell-specific markers have been characterized. Therefore, the aim of this study was to identify new cell surface proteins that could be used as cell typespecific markers in the mouse inner ear.
Following the advent of fluorescence-activated cell sorting (FACS) in the late 1960s, proteins expressed on leukocytes and identified by at least two different monoclonal antibodies were designated as cluster of differentiation antigens (CD proteins; Beare et al. 2008; Herzenberg and De Rosa 2000) . We explored the possibility that specific CD proteins might be useful for defining inner ear cell populations. Results of microarray analyses comparing the transcriptomes of early postnatal mouse auditory and vestibular sensory epithelia were interrogated for the expression of CD genes. We identified and confirmed the expression of 68 CD genes in the early postnatal mouse inner ear using real-time RT-PCR. CD44 was selected for further validation based on a preferential expression in the auditory sensory epithelium and identified as a unique marker for the outer pillar cells in the early postnatal organ of Corti. In order to confirm our findings, we next characterized the expression of CD44 in mice with a deletion or a gain-of-function mutation of Fgfr3 (Hayashi et al. 2007; Mansour et al. 2009 ), a gene that is involved in pillar cell development. Finally, in order to determine the functional significance of CD44, we investigated in humans and mice a possible role of CD44 in hearing.
METHODS

Animals and genotyping
All procedures involving animals were carried out in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and have been approved by the Animal Care Committee at the University of Maryland, Baltimore. B6.Cg-Cd44 tm1Hbg /J mice were obtained from the Jackson Laboratory (Bar Harbor, ME) and were maintained and genotyped following the Jackson Laboratory guidelines (Protin et al. 1999) . A multiplex PCR using oIMR0013-5′-CTT GGG TGG AGA GGC TAT TC-3′, oIMR0014-5′-AGG TGA GAT GAC AGG AGA TC-3′, oIMR1432-5′-GGC GAC TAG ATC CCT CCG TT-3′, and oIMR1433-5′-ACC CAG AGG CAT ACC AGC TG-3′ was used to distinguish between the wild-type and mutant alleles (125 and 280 bp, respectively). Inner ears from P6 Fgfr3 +/+ and Fgfr3 −/− were obtained as previously described (Puligilla et al. 2007 ). Inner ears from P7 Fgfr3 +/+ and Fgfr3 P244R/+ were obtained from Dr. S. Mansour (University of Utah, Salt Lake City, UT) after genotyping as previously described (Mansour et al. 2009 ). Wild-type ICR mice were obtained as time-mated animals from Charles River Laboratories (Germantown, MD).
Gene expression analysis
For microarray expression analysis, auditory and vestibular sensory epithelia from 2-day-old wild-type C3H mice were dissected and collected separately. Each RNA pool consisted of either cochlear or vestibular sensory epithelia collected from 10 to 12 inner ears. The cochlear sensory epithelia included its underlying mesenchyme, as would be dissected for a regular explant culture. The vestibular sensory epithelia consisted of the saccule, utricle, and two of the three cristae ampullaris (anterior and horizontal) with their surrounding mesenchyme. Total RNA was extracted, processed, and hybridized to mouse Genome 430 version 2.0 Affymetrix microarrays, as previously described (Hertzano et al. 2004) , with the exception of adding an amplification step using the Affymetrix two-cycle amplification kit. For PCR and RT-PCR reactions, four separate batches of sensory epithelia of cochleae, utricles, saccules, and cristae were collected from at least 12 ears of P0-P2 mice. We used a thermolysin-assisted dissection to separate the epithelium from the underlying cells (Montcouquiol and Corwin 2001) . Total RNA was then extracted using the RNeasy Plus Micro Kit (Qiagen, Valencia, CA) after homogenization with QIAshredder columns (Qiagen). The RNA was reverse-transcribed using High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA) and evaluated using the RNA 6000 Nano Assay (Agilent Technologies, Santa Clara, CA). All RNA samples used had an RNA integrity number of above 8 (maximal score is 10). To control for possible DNA contamination, the RNA gels were visually screened for high-molecularweight DNA, and PCR primers were designed to span at least one intron. For real-time RT-PCR, we employed a custom-made Taq Man low-density array for 75 genes (for probe names, see Electronic supplementary material (ESM) Table S1 ). Relative quantification was performed using Pgk1 as an endogenous control (Applied Biosystems). All reactions were performed as four independent replicates using an ABI 7900HT real-time RT-PCR instrument. A two-tailed Student's t test was used to compare the relative abundance of the transcripts. For amplification of CD44 isoforms from P0 sensory epithelia, forward and reverse primers were designed in the constant areas of the gene CD44-exon 1F: 5'-CTT CCG TTG GCT GCT TAG TC-3', and CD44-exon19R: 5'-AGC TTT TTC TTC TGC CCA CA-3' PCR products were run on an agarose gel, excised, gel-purified, and cloned into a TOPO TA Cloning® vector (pCR®2.1-TOPO®; Invitrogen, Carlsbad, CA). Each insert was confirmed by direct sequencing using the vector T7 and M13 primers as well as an internal primer CD44_700F: 5'-AGC CCC TCC TGA AGA AGA CT-3' at the Biopolymer/Genomics Core Facility, University of Maryland, Baltimore.
Immunofluorescence and immunohistochemistry
Protein detection using immunofluorescence and peroxidase immunostaining was performed on whole mounted cochleae or inner ear sections as previously described (Dabdoub et al. 2008; Hertzano et al. 2004 
Determination of auditory brainstem evoked potentials
Auditory brainstem responses (ABR) were recorded from 6-, 12-, and 20-week-old mice after induction of anesthesia using an intraperitoneal injection of 15 µl/g of 2.5% Avertin (2,2,2 tribromoethanol, Sigma-Aldrich, St. Louis, MO) reconstituted in sterile water. Hearing thresholds were determined at 8, 16, and 32 kHz using an ABR recording system (Tucker-Davis Technologies, Alachua, FL). Recording electrodes were attached to the superior postauricular area of the stimulated ear (−) and the superior postauricular area of the non-stimulated ear (+). A ground electrode was attached to the leg. Eight hundred sweeps of 5-ms-long bursts (shaped with 1-ms onset and offset sinusoidal ramps) were presented to the mouse ear at varying intensities beginning at 94-dB sound pressure level (SPL) and proceeding in 5-dB decrements down to 25-dB SPL. Electrical signals were recorded for 10 ms. Hearing threshold was determined as the lowest intensity at which a definite ABR response pattern could be identified at each frequency. All recordings were performed in a soundproof box (IAC, Industrial Acoustics, The Bronx, NY).
Mutation screening of DFNB51 families
Primers used for PCR amplification and subsequent sequencing of CD44 were designed from the flanking region of each exon of CD44 using Primer3 web utility (http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_ www.cgi/). The amplification, sequencing, and mutation analysis were carried out as previously described (Ahmed et al. 2001) .
RESULTS
Multiple CD genes are expressed in the mouse inner ear
In order to identify new cochlear cell type-specific markers, we analyzed a microarray-based dataset comparing the transcriptomes of auditory and vestibular sensory epithelia dissected from early postnatal mice for the expression of CD genes. We hypothesized that the majority of the genes preferentially expressed in the cochlea are likely to represent supporting cellspecific markers as some of the supporting cells are cochlea-specific. In particular, the pillar cells are unique to the organ of Corti and are essential for hearing (Colvin et al. 1996; Mansour et al. 2009; Puligilla et al. 2007 ). Out of the 309 mouse CD genes defined at the time of the analysis, 261 had probes on the Affymetrix microarray and 107 were detected as expressed based on the Affymetrix MAS 5.0 software (Table 1) . Next, 75 genes were selected for validation with real-time RT-PCR based on their expression levels and availability of commercial antibodies. We dissected sensory epithelia from cochleae, utricles, saccules, and cristae of newborn mice. To specifically quantify the relative expression of the genes in the sensory epithelium, the underlying cells, primarily composed of mesenchymal cells, were separated and removed from the epithelia prior to RNA extraction. This was done using a thermolysin-assisted dissection (Montcouquiol and Corwin 2001). The expression of 68 genes was confirmed by real-time RT-PCR ( Fig. 1 ). For validation by real-time RT-PCR, genes were considered as present if their expression could be detected at a cycle threshold lower than 30.
Three genes had mRNA levels that were significantly higher in the cochlea compared with the vestibular system (defined as greater than twofold in the microarray analysis). These included CD44, Fgfr3 (the mouse ortholog of human FGFR3 also known as CD333), and Jag1 (the mouse ortholog of JAG1 also known as human CD339), which were 6.2-, 11.6-, and 2.7-fold enriched in the cochlea, respectively (Table 1) . Fgfr3 is recognized to be expressed in the developing pillar and Deiters' cells (Peters et al. 1993) , while Jag1 expression is restricted to most of the supporting cells in the developing auditory and vestibular systems (Morrison et al. 1999 ). However, while CD44 was detected by in situ hybridization in the E15 mouse inner ear, it was not studied in later stages of development or associated with specific cell types in the auditory or vestibular sensory epithelia (Yu and Toole 1997). Our real-time RT-PCR results validated the microarray results for all three genes. Specifically, the expression of CD44 was found to be 14-to 40-fold higher in the auditory sensory epithelium compared with the different vestibular sensory epithelia (p G 0.001, Fig. 1 ).
Multiple isoforms of CD44 are preferentially expressed in the mouse auditory sensory epithelium CD44 is encoded by a gene that encompasses over 90 kb of genomic DNA and consists of 19 exons (RefSeq NM_009851.2). The first five exons and the last four exons are constant and flank ten alternatively spliced exons. A short isoform of CD44 (CD44s) is the most common transcript of this gene and consists only of the nine constant exons. The alternatively spliced exons are named based on the exons that are spliced in; for example, if alternative exons 8-10 are included, the isoform is named v8-10. To further characterize the expression of different isoforms of CD44 in the newborn auditory sensory epithelium, CD44 was amplified using forward and reverse primers from constant exons 1 and 19. Gel electrophoresis of the PCR products revealed four predominant splice isoforms ( Fig. 2A ). Cloning and direct sequencing of the PCR products identified CD44s (1,155 bp), CD44v6-v10 (1,834 bp), CD44v8-v10 (1,549 bp), and CD44v9-v10 (1,447 bp) as predominantly cochlea-specific (Fig. 2B ). The intensity of the PCR band obtained by amplification of CD44s was significantly stronger than the bands for the other isoforms, indicating that the short isoform is most probably the most prevalent one in the newborn mouse inner ear.
CD44 expression in the developing inner ear
To study the expression of CD44 in the developing mouse inner ear, cross-sections of inner ears from wild-type mice were stained with a CD44 antibody along with the inner ear hair cell-specific antibodies, myosin VI, or myosin VIIa and counter-labeled with 4′,6-diamidino-2-phenylindole (DAPI) to detect the cell nuclei and overall tissue architecture (Fig. 3) . A low level of CD44 expression was detected in some cells of the inner ear mesenchyme and surrounding otic capsule as early as E14 both in the auditory (Fig. 3A) and the vestibular systems (data not shown). By E16, CD44 expression was detected at a higher level in the mesenchymal cells surrounding the cochlear duct. CD44 was also expressed in the epithelium of the cochlear duct at this time point, medially in the regions of the greater epithelial ridge and laterally in the area of Claudius cells. Neither the hair cells nor the pillar, Deiters, or Hensen cells stained positive for CD44 at E16 (Fig. 3B) . At P0, expression of CD44 was detected in the outer pillar cells throughout the cochlear duct, with a stronger expression in the base compared to that in apex ( Fig. 3C and data not shown). By P7, CD44 expression was seen in fewer mesenchymal cells. Interestingly, the expression of CD44 increased in intensity in the outer pillar cells and in Claudius cells throughout the length of the cochlear duct. A small number of epithelial cells from the cells medial to the organ of Corti, known as greater epithelial ridge (GER) cells, expressed CD44. In addition, a weak level of expression was also observed in the stria vascularis (Fig. 3D ). In the vestibular system, CD44 expression was limited to the mesenchymal cells and otic capsule and was absent in the epithelial layer of the vestibular system at all time points tested (data not shown). Finally, by P24, the expression of CD44 persisted in the epithelial cells medial and lateral to the organ of Corti, but was abolished from the outer pillar cells (ESM Fig. S1 ).
To confirm the specificity of CD44 immunolabeling, cochleae from P1 CD44 +/+ and CD44 −/− mice were reacted with the antibody for CD44 and expression was detected with enzymatic labeling using a peroxidase-based assay (Fig. 3E-H) . We found that CD44 Cells that contain genes with a greater than two-fold mRNA enrichment in the cochlea are marked in bold italics CD assigned CD for the gene, Symbol gene symbol, FC fold change specifically stained cells in the greater epithelial ridge, outer pillar cells, and Claudius cells throughout the length of the cochlear duct (Fig. 3E, F) . This pattern of expression is consistent with the results that were obtained in sections of P0 mice. No expression was detected in the ears of the CD44 −/− mice, confirming the specificity of the antibody and staining (Fig. 3G, H ).
CD44 is a marker for outer pillar cells
To confirm and expand our results, we studied the expression of CD44 in mice with mutations that affect pillar cell development. Pillar cells develop adjacent to the lateral edge of inner and medial edge of outer hair cells. Previous studies have shown that Fgfr3 plays FIG. 1. Relative quantification of 68 CD genes in the newborn mouse inner ear using real-time RT-PCR. All results were quantified relative to the mean expression level in the samples from the cochlear sensory epithelium. The expression of CD44 and CD333 (marked with red circles) was greater than tenfold higher in the auditory sensory epithelium compared with the individual vestibular sensory epithelia. Error bars represent one standard deviation. The numerical values for the relative expression results are available in ESM Table S2 .
FIG. 1.
Relative quantification of 68 CD genes in the newborn mouse inner ear using real-time RT-PCR. All results were quantified relative to the mean expression level in the samples from the cochlear sensory epithelium. The expression of CD44 and CD333 (marked with red circles) was greater than tenfold higher in the auditory sensory epithelium compared with the individual vestibular sensory epithelia. Error bars represent one standard deviation. The numerical values for the relative expression results are available in ESM Table S2 . a crucial role in cochlear development. In particular, Fgfr3 is necessary for the development of pillar cells (Mueller et al. 2002; Puligilla et al. 2007 ). Fgfr3 −/− mice suffer from hearing loss, most likely secondary to a maturation arrest of their pillar cells, which results as an absence of the tunnel of Corti, among other anatomical abnormalities (Colvin et al. 1996) . Gain-of-function mutations in FGFR3 result in hearing loss and skeletal defects in humans and mice (Mansour et al. 2009; Pannier et al. 2009 (Pannier et al. 2009 ). To assess the efficacy of CD44 as a marker for the outer pillar cells, cochleae from Fgfr3 −/− and Fgfr3 P244R/+ mice were labeled with an antibody for CD44 (Fig. 4) . In P6 Fgfr3 −/− mice, CD44 labeling could not be detected in the region of the outer pillar cell, but persisted in Claudius cells (Fig. 4B) . In cochleae of P7 Fgfr3 P244R/+ mice, we observed ectopic expression of CD44. Specifically, the outer hair cells now rested on top of CD44-positive cells. Outer hair cells are normally positioned on top of Deiters' cells, and these cells normally do not express CD44. The aberrant expression of CD44 in Deiters' cells is consistent with the supposition of a Deiters' to outer pillar cell transition in the Fgfr3 P244R/+ mutant mice ( Fig. 4D ; Mansour et al. 2009 ).
CD44 is not required for hearing in mice
Mice homozygous for a targeted deletion of CD44 are obtained at an expected Mendelian ratio and do not suffer from obvious developmental or neurological deficits (Schmits et al. 1997) . To determine the function of CD44 in inner ear development, inner ears from early postnatal wild-type and CD44-deficient mice were stained with Alexa-conjugated phalloidin to assess the overall actin cytoskeleton; an antibody that detects Sox2, a supporting cell-specific protein in the early postnatal stages (Hume et al. 2007 ); antibodies for myosin VIIa and myosin VI, hair cell-specific markers in the mouse inner ear; and an antibody for p75 NTR to detect pillar cells (Fig. 5  and data not shown) . No specific alterations in the overall architecture or protein expression in the sensory epithelium of the CD44-deficient mice were observed. A single row of inner hair cells and three rows of outer hair cells with uniformly polarized stereocilia were seen throughout the length of the cochlear duct (Fig. 5A, B) . Sox2 expression was unchanged between the wild-type and CD44-deficient ears, indicating that all supporting cells are present (Fig. 5C, D) . Similarly, myosin VI and p75 NTR expression was similar to the expression in wild-type mice. Analysis of adult mice inner ears stained with phalloidin and an antibody for myosin VIIa showed similar results, indicating that CD44 is not necessary for patterning or survival of cells in the mouse organ of Corti (data not shown).
To determine whether CD44 is necessary for normal hearing, ABR thresholds were determined at 8, 16, and 32 kHz from 6-, 12-, and 20-week-old CD44
, and their wild-type littermate control mice. All mice had clear ABR responses at wild-type levels at 6 weeks of age (Fig. 6A) . Auditory thresholds were significantly elevated at 32 kHz in all genotypes measured as early as 12 weeks of age, and by 5 months of age, the majority of the mice had a hearing threshold above 90-dB SPL at 32 kHz (data not shown). ABR morphology at 8 and 16 kHz was within normal limits in all genotypes tested up to 5 months of age (Fig. 6B ). There were no statistically significant differences in the hearing thresholds of all three genotypes tested, indicating that CD44 is not necessary for a normal ABR response in mice.
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FIG. 2. CD44 isoforms in the newborn mouse cochlea. PCR amplification with CD44-specific primers identified four predominant isoforms expressed in the mouse cochlea (A). Left lane 100-kb marker. Isoform sizes: 1,155, 1,447, 1,549 and 1,834 bp. Cloning and direct sequencing of the PCR products identified isoforms CD44s, CD44v6-v10, CD44v8-v10, and CD44v9-v10 as the predominant CD44 transcripts expressed in the auditory sensory epithelium (B).
FIG. 2.
CD44 isoforms in the newborn mouse cochlea. PCR amplification with CD44-specific primers identified four predominant isoforms expressed in the mouse cochlea (A). Left lane DNA ladder. Isoform sizes: 1,155, 1,447, 1,549 and 1,834 bp. Cloning and direct sequencing of the PCR products identified isoforms CD44s, CD44v6-v10, CD44v8-v10, and CD44v9-v10 as the predominant CD44 transcripts expressed in the auditory sensory epithelium (B).
CD44 maps to DFNB51
To determine whether CD44 could underlie human hereditary non-syndromic hearing loss, we searched the Hereditary Hearing Loss Homepage (http:// webh01.ua.ac.be/hhh/) for deafness loci that map to 11pter-p13. We found that CD44 is located within the linkage interval of DFNB51. The DFNB51 locus was defined based on genetic linkage data from two consanguineous families from Pakistan (PKDF240 FIG. 3 . CD44 expression in the developing mouse inner ear. Cross-sections of E14 (A), E16 (B), P0 (C), and P7 (D) wild-type mouse inner ears immunolabeled with CD44 (red) and myosin VI (green) and counterstained with DAPI (blue). CD44 is weakly expressed in some of the mesenchyme surrounding the cochlear duct at E14 (arrowheads; the prospective organ of Corti is marked with a bracket). By E16, the expression of CD44 is increased in the mesenchymal tissue (arrowheads) and is present also in the epithelium of the cochlear duct. Of note, at E16, CD44 expression is not detected in the hair cells, or in the Deiters', Hensen's, or pillar cells. By P0, the expression of CD44 includes the outer pillar cell (arrow). At P7, the expression of CD44 is decreased in the underlying mesenchyme and increases in intensity in Claudius and the outer pillar cells. CD44 can also be detected in the stria vascularis (red arrowhead). A small number of cells in the GER also stain positive for CD44 (red arrow). Whole mount immunodetection of CD44 with DAB staining on P1 cochleae from Cd44 +/+ (E, F) and Cd44 −/− mice (G, H) shows that the CD44 antibody specifically stains the membranes of the CD44 expressing cells as this staining is completely abolished in the CD44 −/− mice. Scale bar, 50 µm (A-F). OHC outer hair cells, IHC inner hair cells, GER greater epithelial ridge, OC organ of Corti.
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CD44 expression in the developing mouse inner ear. Crosssections of E14 (A), E16 (B), P0 (C), and P7 (D) wild-type mouse inner ears immunolabeled with CD44 (red) and myosin VI (green) and counterstained with DAPI (blue). CD44 is weakly expressed in some of the mesenchyme surrounding the cochlear duct at E14 (arrowheads; the prospective organ of Corti is marked with a bracket). By E16, the expression of CD44 is increased in the mesenchymal tissue (arrowheads) and is present also in the epithelium of the cochlear duct. Of note, at E16, CD44 expression is not detected in the hair cells, or in the Deiters', Hensen's, or pillar cells. By P0, the expression of CD44 includes the outer pillar cell (arrow). At P7, the expression of CD44 is decreased in the underlying mesenchyme and increases in intensity in Claudius and the outer pillar cells. CD44 can also be detected in the stria vascularis (red arrowhead). A small number of cells in the GER also stain positive for CD44 (red arrow). Whole mount immunodetection of CD44 with DAB staining on P1 cochleae from Cd44 +/+ (E, F) and Cd44 −/− mice (G, H) shows that the CD44 antibody specifically stains the membranes of the CD44 expressing cells as this staining is completely abolished in the CD44 −/− mice. Scale bar, 50 µm (A-F). OHC outer hair cells, IHC inner hair cells, GER greater epithelial ridge, OC organ of Corti.
and PKDF407) that segregate recessively inherited, profound congenital deafness (Shaikh et al. 2005 ). All of the coding exons of CD44 were sequenced in a deaf and in an unaffected individual from each of the two DFNB51 families. In family PKDF407, we found homozygosity for a nucleotide change of a G to C resulting in an arginine to proline substitution (p.R46P) in constant exon 2 of CD44 in all three affected individuals. This change was not identified in family PKDF240. We sequenced 394 alleles and found two heterozygous changes in two normal individual controls. Both individuals are from the same caste as family PKDF407, consistent with p.R46P being a polymorphism. Further investigation showed that p.R46P represents a polymorphism known also as the uncommon Indian (In) blood group antigen allele In a (Spring et al. 1988 ). Homozygosity for this allele is rare and has been associated with production of alloantibodies to the common variant of CD44 (In b ) after transfusion or pregnancy.
DISCUSSION
Cell type-specific markers offer advantages that range from identification of cells by immunolabeling, ability to cell sort and enrich a particular cell type from a heterogenous population, to functional studies of these proteins using mouse models. Specifically, due to their wide use in FACS, there is a large variety of commercially available fluorochrome-conjugated antibodies against CD proteins that can be used for cell sorting or cell tracking in vivo (Beare et al. 2008) . Using a combination of microarray data analysis, comparisons of the expression profiles of auditory and vestibular sensory epithelia from newborn mice, followed by validation with real-time RT-PCR, we have established the expression of 68 CD genes in the newborn mouse inner ear. We focused our study on ears of early postnatal mice. By P0, most of the cell types of the mouse inner ear are present; however, the sensory epithelia are yet to be fully differentiated (reviewed in Kelley 2007). Our research focus was to identify novel cochlea-specific markers. In addition, our semi-quantitative real-time RT-PCR assays addressed differential patterns of gene expression in the discrete vestibular patches (utricle, saccule, and cristae). This study is unique in its attempt to differentially quantify a large set of genes in the distinct vestibular patches using semi-quantitative real-time RT-PCR.
Our analysis identified two markers that were uniquely enriched in the cochlear sensory epithelium, CD44 and Fgfr3. Interestingly, the real-time RT-PCR analysis revealed several patterns of vestibular epithelia gene expression. A small subset of genes were specifically enriched both in the cochlear and saccular sensory epithelia. These included CD10, CD26, CD56, CD83, CD91, CD106, CD140a, CD140b, CD248, and CD302. In contrast, none of the genes were uniquely enriched either in the cochlear and utricular epithelia or in the cochlear epithelium and the epithelia of the cristae ampullaris. Indeed, a very small number of markers were specifically enriched in the epithelia of the cristae ampullaris. Further localization of these proteins by immunohistochemistry will shed light on the functional significance of these results.
While hair cells have multiple cell type-specific markers that are expressed from early developmental stages and persist to adulthood, e.g., myosin VI (Hasson et al. 1997 
al. 2007
). Previous studies have also identified FGFR3, a cell surface marker, as expressed by developing pillar and Deiters' cells (Mueller et al. 2002) . We have identified CD44 as the first outer pillar cellspecific marker in the early postnatal mouse inner ear. Like many other supporting cell markers, the expression of CD44 is not limited to the outer pillar cells. However, the lack of CD44 staining in other cells immediately adjacent to the outer pillar cells within the sensory epithelium, makes it an ideal marker for the outer pillar cells in the early postnatal period. CD44 is an integral cell membrane glycoprotein with a diverse range of suggested functions (MIM 107269). The principal ligand of CD44 is hyaluronic acid, an extracellular matrix protein (Aruffo et al. 1990 ). CD44 has been primarily studied as a receptor expressed on activated T cells and is known as a lymphocyte homing receptor (Aruffo et al. 1990; Stefanova et al. 1989) . By binding hyaluronic acid, CD44 can facilitate extravasation of lymphocytes at sites of inflammation. Other identified ligands include laminin, fibronectin, collagens, serglycin, and osteoponin (reviewed in Goodison et al. 1999) . CD44 consists of extracellular, transmembrane, and intracellular domains. The mouse CD44 consists of nine constant exons that flank ten variable exons. The transmembrane and intracellular domains of CD44 are encoded by the constant exons, while the alternatively spliced exons affect the structure of the extracellular domain (Goodison et al. 1999) . Specific splice variants of the protein have since been implicated in malignant transformation, cancer metastasis, and inflammatory diseases (reviewed in Bourguignon 2008; Johnson and Ruffell 2009; Liu and Jiang 2006) . The expression of CD44 has also been described in multiple morphogenetically active epithelia as well as in Muller cell apical microvili in the retina (Stefanova et al. 1989; Yu and Toole 1997) . Using in situ hybridization, , and the short isoform were detected in E15 inner ears (Yu and Toole 1997). Our results show that by P0, the expression of the short isoform of CD44 as well as CD44 v8-10 persists. CD44 v6-10 and v9-10 could also be detected. Other isoforms were not found, and it is possible that they are expressed only at earlier developmental stages.
CD44 KO mice are viable and do not display obvious developmental defects, but do suffer from specific alterations in their lymphocyte-dependent immune responses (Protin et al. 1999; Schmits et al. 1997) . Our results show that in the absence of CD44, the mouse inner ear develops normally and that ABR hearing thresholds are comparable to wild-type and heterozygous littermates. In addition, specific blocking experiments of cochlear explant cultures harvested at E14.5 and incubated with a blocking antibody for CD44 did not result in any discernable phenotype until a toxic dose was reached (data not shown). Therefore, the specific role of CD44 and its isoforms in the mouse inner ear remains to be determined. Furthermore, as we could not identify mutations in CD44 among the human DFNB51 families, mutations of CD44 appear not to have a role in human hereditary hearing loss.
Finally, the mammalian auditory and vestibular sensory epithelia are highly complex and composed of a variety of tightly organized cell types. Recently, mice with transgenic expression of a green fluorescent protein (GFP) under the regulation of general supporting cell-specific (p27 kip1 ) or hair cell-specific (Atoh1) promoters were used to isolate these mixed cell populations, respectively White et al. 2006) . Similarly, mice with cell type-specific GFP expression have been used to isolate and characterize the transcriptomes of specific cell populations from the brain and the retina (Ivanov et al. 2008; Lobo et al. 2006; Marsh et al. 2008 ). Antibodies to CD proteins are routinely used for FACS analysis of leukocytes, routine diagnostics of hematologic diseases, and for staining pathology slides for cancer diagnostics. Our results indicate that multiple CD genes are expressed in the mouse auditory and vestibular sensory epithelia, and suggest that at least some of these proteins may have differential expression patterns in the inner ear, similar to CD44. By further characterizing the expression pattern of other CD genes in the mouse inner ear, it may be possible to devise protocols for cell type-specific sorting from wild-type mice. This would allow for comparative analysis of inner ear cell typespecific expression profiles of wild-type and mutant mice and could assist in the identification of new deafness genes.
